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Recent  experiments  at  subsonic  and  supersonic  speeds,  with  non-axially 
symmetric  boattailed  projectiles,  have  shown  improved  drag,  pitching  moments, 
and  Magnus  force  characteristics.  The  non-axi symmetric  boattails  are  formed  by 
cutting  the  projectile  cylindrical  body  with  planes  inclined  at  a  small  anole 
(7°)  to  the  projectile's  axis  so  that  flat  surfaces  are  created  on  the  boattail, 
and  the  base  is  an  inscribed  polygon  (e.g.  a  triangle,  square,  etc.).  The  flat 
surfaces  increase  the  boattail  lift  and  decrease  the  corresponding  pitching 
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20.  ABSTRACT  CONTINUED 

moments  and  drag.  The  present  investigation  extends  the  previous  research,  and 
the  data  base  into  the  hypersonic  range  (M  =  6.3). 

A  second  objective  of  the  current  investigation  was  to  assess  the  accuracy 
and  reliability  of  flow  analyses  for  evaluating  the  three-dimensional  flow  field 
produced  by  these  geometries.  The  Kutler  3-D,  and  viscous  parabolized  Navier 
Stokes  code  were  evaluated.  The  analytical  results  have  been  compared  with  de¬ 
tailed  surface  static  pressure  and  heat  transfer  measurements,  as  well  as  flow 
field  profiles  of  the  impact  and  static  pressures  on  the  conical  boattail  pro¬ 
jectiles,  and  two  non-axi symmetric  projectiles:  one  with  trianqular  cross- 
section,  and  the  second  with  a  square  cross-section.  All  three  configurations 
were  of  the  same  overall  lenqth  with  a  slenderness  ratio  L/D  =  7.0,  and  had  a 
2.5  calibers  tagent  ogive  nose.  Although  the  expansion  angle  of  the  three  boat- 
tails  was  identical,  i.e.,  7°,  the  individual  boattail  taper  ratio  and  fineness 
ratio  were  different. 

The  experiments  were  conducted  in  a  blowdown  hypersonic  wind  tunnel  at 
M  -  6.3,  and  with  corresponding  free-stream  Reynolds  number  of  1.1  x  10/  per  foot 
for  angles  of  attack  of  0°,  5°,  and  10°.  Natural  transition  occurred  on  the 
cylinder.  The  square  boattail  was  tested  at  roll  anqles  of  0°  and  45°,  while 
the  triangular  boattail  was  tested  for  0°,  90°,  and  180°  roll  anales. 

The  measured  pressure  distributions  were  integrated  to  find  the  axial  and 
normal  force  coefficients  for  the  complete  configuration,  and  the  contribution  of 
the  boattail s.  At  zero  angle  of  attack,  about  70%  of  the  total  drag  is  due  to 
the  ogive  nose  tip.  The  boattail  accounts  for  less  than  10%  of  the  total  axial 
force  coefficient.  This  is  comparable  to  the  base  drag  and  skin  friction  draq. 
The  triangular  boattail  configuration  produces  the  smallest  drag,  compared  with 
the  conical  and  square  boattail,  since  this  boattail  configuration  is  lonqest 
and  has  the  smallest  taper  ratio  and  smallest  base  area.  Nevertheless,  the  drag 
reduction  over  the  conical  boattail  -tS:  less  than  1%.  Similar  results  are  ob¬ 
tained  with  regard  to  the  normal  force  coefficient.  The  present  results  ob¬ 
tained  for  M  =  6.3,  are  consistent  with  the  previous  results  obtained  at  BRL  for 
supersonic  speeds. 

The  detailed  distributions  on  the  windward  surfaces,  compare  very  well  with 
the  inviscid  and  viscid  analyses  for  small  angles  of  attack  a  <  5°.  The  inviscid 
analyses,  however,  are  not  in  good  aqreement  in  regions  of  strong  viscous  inter¬ 
actions,  and  for  higher  angles  of  attack  a  =  10°.  The  PNS  code  reconciles  some 
of  the  differences  in  the  viscous  interactions  regions  such  as  at  the  sharp  cuts 
on  the  boattails  for  angles  of  attack  less  than  5°.  However,  the  PNS  code  fails 
for  a  =  10°,  while  the  Kutler  3-D  code  fails  on  the  leeward  surfaces  at  about 
135°  from  the  windward  most  ray,  where  the  rapid  expansion  is  followed  by  a 
recompression  and  cross-flow  separation  in  this  reqion,  which  is  clearly  evident 
in  the  oil  flow  tests.  The  results  indicate  that  inviscid  codes  may  be  used  to 
provide  guidelines,  for  possible  evaluation  of  three-dimensional  geometric  con¬ 
figurations,  for  drag  reduction  at  low  angles  of  attack. 
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FOREWORD 


This  report,  prepared  by  New  York  University  Antonio  Ferri  Labora¬ 
tories,  under  U.S.  Army  Research  Contract  No.  DAAG  29-82-K-0075,  presents 
the  research  and  data  analysis  from  wind  tunnel  tests  conducted  on  two 
non-axi symmetric  and  one  conical  boattailed  projectile  configurations. 

The  test  program  was  conducted  in  the  Antonio  Ferri  M  =  6.0  Hypersonic 
Facility  at  Westbury,  L.I.N.Y. 

The  Scientific  Program  Officer  was  Dr.  Robert  E.  Singleton,  and 
the  Technical  Program  Monitor  was  Dr.  Walter  Sturek  of  the  U.S.  Army 
Ballistics  Research  Laboratories,  Aberdeen,  Maryland.  The  parabolized 
Navier  Stokes  Code  Computations  presented  herein  were  performed  by  Dr. 
Walter  Sturek. 

The  authors  wish  to  acknowledge  the  contributions  of  Mr.  Claudio 
Ferrari,  Dr.  C.R.  Wang,  Dr.  Wen-Xiong  Yang  and  Akihiko  Munakata.  This 
report  covers  the  work  performed  from  March  1,  1982  to  November  30,  1983. 
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I.  INTRODUCTION 


Substantial  range  improvements  can  be  obtained  by  reducing  a 
projectile's  drag  through  improved  boattail  configurations.  It  has 
been  shown  that  non-axially-symmetric  boattailed  projectiles  have  a 
number  of  advantages  over  axisymmetric  ones.  Researchers  at  BRL, 

Maryland  (Ref.  1),  have  shown  improvements  in  drag,  pitching  moments, 
and  Magnus  force  characteristics,  in  the  speed  range  up  to  M  =  3  for 
boattail  shapes  which  do  not  have  axial  symmetry. 

The  present  investigation  extends  the  previous  research  to  the 
hypersonic  range  (M  =  6),  for  projectiles  with  three  boattail  con¬ 
figurations  shown  in  Fig.  1.  The  investigated  boattails  include  an 
axi-symmetric  (conical)  and  two  non-axi -symmetric  (square  and  triangular) 
configurations.  The  latter  type  boattails  are  formed  by  cutting  the  main 
projectile  cylinder  with  planes  inclined  at  a  small  angle  (7°),  to  the 
projectile  axis,  so  that  flat  surfaces  are  created  on  the  boattail. 

These  boattail  configurations  which  were  tested  are: 

a)  Square  cross-sectioned  boattail  formed  by  four 
cutting  planes  (90°  apart)  so  that  the  base 
becomes  an  inscribed  square. 

b)  Triangular  cross-sectioned  boattail  formed  by 
three  cutting  (120°  apart)  planes  so  that  the 
base  becomes  an  inscribed  triangle. 

c)  Conical  boattail  fo.med  by  reducing  the 
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cylindrical  cross  section,  so  that  the  boattail 
portion  is  like  a  frustrum  of  a  cone. 

Kutler's  Inviscid  3-D  code  (Ref.  2)  was  used  in  the  analysis.  With 
a  view  to  validate  the  reliability  of  the  analysis,  the  predictions  were 
compared  with  experimental  data.  Some  earlier  results  were  presented  in 
Ref.  3. 

The  measured  and  calculated  pressure  distributions  over  the  pro¬ 
jectile  surfaces  were  integrated  numerically  to  obtain  aerodynamic  force 
coefficients . 

II.  ANALYSIS 

The  inviscid  three-dimensional  external  flow  code  (Ref.  2),  was 
used  for  the  purpose  of  analysis.  In  Kutler's  program,  the  conservation 
equations  (hyperbolic  partial  differential  equations)  are  solved  by 
finite  difference  methods  marching  to  successive  planes  oriented  normal 
to  the  body  axis.  The  governing  equations,  in  cylindrical  coordinates, 
are  normalized  between  the  body  and  outer  boundary  (the  bow  shock)  which 
completely  envelopes  the  influenced  flow  region.  The  equations  are 
integrated  from  an  initial  data  plane  to  downstream  over  the  body  using 
either  a  second  or  third  or  non-centered  finite  difference  scheme. 
MacCormack's  second  order  numerical  algorithm  together  with  the  first 
method  of  four  possible  variations  for  replacing  the  space  derivatives 
was  used.  The  bow  shock  wave  is  treated  as  a  sharp  discontinuity,  while 


the  internal  shocks  in  the  flow  field  are  captures  by  several  grid  ooints, 
A  center-plane  of  symmetry  (i.e.  zero  yaw)  is  assumed  in  the  analysis. 

The  grid  size  consists  of  16  radial  and  40  meridional  (inclusive 
of  the  symmetry  points)  mesh  points  between  the  body  and  an  upper 
boundary  which  contains  the  bow  shock.  A  Courant  number  of  0.9  is 
specified  for  stability  control  and  step-size  selections.  Various 
clustering  at  specified  peripheral  angles  can  be  used  to  obtain  best 
resul ts . 

The  analysis  has  been  done  for  three  angles  of  attack  a  =  0°,  5° 
and  10°,  with  roll  angle  of  zero  degrees.  Also  results  were  obtained 
for  the  square  and  triangular  boattail  models  with  45°  roll  angle 
and  180°  roll  angle, respectively,  for  the  same  above  mentioned  angles 
of  attack. 

Kutler's  inviscid  code,  as  it  is,  can  compute  flow  field  for  any 
body  configuration  without  roll  effect.  Hence,  to  treat  the  triangular 
and  square  boattail  cross-sectioned  projectiles,  the  geometry  package 
of  the  inviscid  code  was  suitably  modified.  A  sub-routine  was  also 
added  to  the  code  for  the  computation  of  aerodynamic  force  coefficients. 

In  an  earlier  presentation  of  part  of  this  work  (Ref.  3),  some 
mention  was  made  with  regard  to  the  computational  difficulties  that 
were  encountered  towards  the  end  of  body  configuration  for  10°  angle 
of  attack.  In  such  circumstances,  instead  of  surface  entropy  remain¬ 
ing  constant,  entropy  jumps  were  computed  indicating  numerical 
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instabilities  in  the  analysis.  Sometimes  the  computation  failed.  It 
was  found  that  the  results  are  sensitive  to  meridional  clustering. 

By  changing  the  clustering  parameter,  surface  entropy  in  most  cases 
could  be  maintained  constant.  Also, moderate  improvement  in  the  results 
were  noted  particularly  on  the  windward  side.  The  computations  were 
performed  on  a  CDC  6600  computer.  The  computation  time  was  of  the  order 
of  5  to  7  minutes  for  each  case. 

Ill,  EXPERIMENTAL  PROGRAM 


Test  Facilities 

The  experiments  for  the  present  investigation  were  performed  in  a 
Mach  6  blowdown-type  axisymmetric  wind  tunnel.  The  facility  consists 
of  a  2000  psia  air  supply,  a  capacity  heater  capable  of  delivering 
900°R  air  at  mass  flows  up  to  60  lb/sec.  The  test  section  of  the  tunnel 
is  2'  in  diameter.  All  the  tests  of  the  present  experiments  were 
conducted  at  stagnation  pressure  and  temperature  of  about  700  psia  and 
900°R  respectively.  This  resulted  in  a  freestream  Reynolds  number  of 
the  order  of  1.1  x  107  per  foot.  At  this  condition,  natural  transition 
is  obtained  at  about  20"  from  the  nose.  This  is  slightly  upstream  of 
the  triangular  boattail,  and  is  well  upstream  of  the  square  and  conical 

boattail.  Further  details  of  the  wind  tunnel  facility  may  be  found  in 
Ref.  4. 
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W ind  Tunnel  Mo dels 


T 


Three  models  have  been  designed  with  conical,  square, and  triangular 
cross-sectional  boattails.  Figure  1  gives  the  detailed  dimensions  of 
the  models  used  in  the  investigation.  The  details  regarding  the 
location  of  the  pressure  taps  and  heat  transfer  gauges  on  the  model  are 
presented  in  Ref.  3. 

Surface  Heat  Transfer  and  Pressure  Measurements 

The  transient  thin-skin  technique  was  used  to  determine  the  local 
heat  transfer  rate  from  the  slope  of  the  temperature- time  record.  In  this 
technique,  the  T  vs  t  initial  slope  is  used  to  compute  the  heat  flux.  The 
test  section  was  evacuated  to  about  the  expected  free  stream  static  pressure 
before  each  test.  Pressure  and  temperature  data  were  recorded  on  a 
multi-channel  visicorder  through  galvanometers  with  response  time  less 
than  0.01  sec.  Pitot  and  static  pressure  profiles  were  also  taken  at 
three  locations:  the  first  on  the  cylindrical  portion  of  the  model;  the 
second  upstream  of  the  corner  of  the  boattail;  and  the  third  downstream 
of  the  corner.  The  flow  field  profiles  are  presented  in  Ref.  3  and  are 
not  included  here.  The  measured  surface  temperature  history  data  were 
reduced  to  obtain  the  local  heat  transfer  rate  (q  -  Btu/Ft  sec).  Local 
surface  pressures  measured  over  the  projectile  models  were  normalized 
with  respect  to  the  freestream  static  pressure. 
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IV.  RESULTS  AND  DISCUSSION 


Surface  static  pressure  data  have  been  presented  for  three  specific 
boattail  configurations.  These  were  plotted  as:  (1)  streamwise  distri¬ 
butions  in  the  two  meridional  rays  located  in  the  plane  of  symmetry,  i.e. 
the  windward  and  leeward  most  rays;  (2)  peripheral  pressure  distributions 
in  the  boattail  region;  and  (3)  static  pressure  maps  (Ref.  3). 

The  results  presented  in  this  paper  complement  the  results  already 
presented  in  Ref.  3.  Only  a  sampling  of  the  pressure  field  data  is 
presented  here.  Analytical  predictions  using  the  Kutler  Inviscid  code 
are  compared  with  experimental  results  to  assess  the  reliability  of  the 
analysis . 

Figure  2  presents  a  comparison  of  surface  pressure  distribution 
between  the  analytical  predictions  and  the  experimental  results  for  0°, 
5°,  and  10°  angles  of  attack  for  the  ogive  portion  of  the  model. 

It  can  be  seen  clearly  that  the  predictions  agree  well  with  the  experi¬ 
mental  data  in  this  region. 

Pressure  distributions,  both  analytical  and  experimental  values, 
on  the  boattail  surfaces  are  shown  in  Figs.  3  to  5.  For  the  conical 
boattail  at  0°  angle  of  attack,  agreement  for  the  most  part  of  the 
boattail  is  good,  except  near  the  shoulder,  where  significant  differences 
are  observed  (Fig.  3).  At  5°  and  10°  angle  of  attack,  the  results 
compare  well.  It  can  be  seen  in  Fig.  4,  the  results  agree  well  for  the 
square  boattail  model  at  0°  and  5°  angle  of  attack.  However,  at  10° 
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angle  of  attack  the  agreement  is  not  as  good. 

The  leeward  side  pressure  distribution  is  shown  in  Fig.  5  for  the 
square  boattail  (0°  roll)  and  the  triangular  boattail  (180°  roll)  at 
5°  angle  of  attack.  The  poor  agreement  between  theoretical  and  experi¬ 
mental  values  may  be  attributed  to  viscous  effects  due  to  cross  flow 
separation.  Another  point  of  interest  is  that  the  predicted  pressure 
distribution  for  the  triangular  boattail  (180°  roll)  Fig.  5b,  increases 
rapidly  towards  the  end,  while  the  surface  entropy  remains  constant. 

From  the  above,  it  can  be  concluded  that  the  inviscid  code  does 
not  predict  flow  field  situations  accurately  on  the  leeward  surfaces  for 
larger  angles  of  attack. 

The  peripheral  static  pressure  distributions  on  the  boattails  at 
various  axial  locations  are  shown  in  Figs.  6  to  8.  The  inviscid  analysis 
agrees  reasonably  well  with  experimental  values  in  most  cases.  The 
difference  between  the  predictions  and  experiments  becomes  significant 
on  the  leeward  side,  particularly  towards  the  end  of  the  projectile  body. 
Some  parabolized  Navier  Stokes,  Ref.  5,  results  are  also  shown  in  Fig.  8. 

A  comparison  of  the  pressure  distributions  alonq  the  windward  side 
(Fig.  9)  for  the  different  boattails  follows: 

At  a  =  0°,  the  rapid  expansion  at  the  shoulder  is  less  for  the 
triangular  boattail  (0°  roll)  compared  to  the  square  and  conical.  No 
expansion  occurs  for  the  square  boattail  (45°  roll)  along  the  windward 
ray  since  it  is  an  extension  of  the  cylindrical  body.  However,  for  the 
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triangular  boattail  (180°  roll)  at  a  =  0°,  and  at  both  a  =  5°  and  10°, 
an  unexpected  pressure  decay  (curve  E)  is  noted  in  this  region. 

At  a  =  5°  and  10°,  the  expansion  at  the  shoulder  for  the  triangular 
boattail  (0°  roll)  is  almost  the  same  as  that  of  the  square  and  conical. 
For  the  triangular  boattail  (180°  roll),  a  gradual  expansion  and  sudden 
compression  is  followed  by  an  expansion  over  the  latter  half  of  the 
boattail.  However,  for  the  square  boattail  (45°  roll)  the  pressure 
distribution  is  similar  to  that  of  the  cylindrical  body. 

Heat  Transfer 

The  measurements  of  the  heat  transfer  were  done  for  the  conical 
and  triangular  (0°  and  180°  roll  angles)  boattail  models  only. 

Zakkay  and  Callahan  (Ref.  6  )  and  later  Zakkay,  Bos,  and  Jensen 
(Ref.  7  )  have  shown  that  the  heat  transfer  rates  for  turbulent  boundary 
layers  in  mild  adverse  pressure  gradient  are  predicted  with  reasonable 
accuracy  by  the  flat  plate  reference  enthalpy  method  (FPRE)  of  Ref.  8. 
Based  on  the  conclusions  of  the  previous  investigators,  the  flat  plate 
reference  enthalpy  method  was  used  for  theoretical  computation  of  heat 
transfer  rates.  Laminar  and  turbulent  heat  transfer  rates  were 
computed  by  the  FPRE  Method,  using  the  local  pressure  and  temperature 
distributions  and  local  Mach  number  obtained  from  the  tnviscid  analysis. 
Figure  10  shows  the  heat  transfer  rate  variation  for  0°  and  10°  angle 
of  attack,  respecti vely»along  the  projectile  with  conical  boattail. 
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Comparison  with  the  experimental  results  shows  that  laminar  conditions 
prevail  on  the  body.  Attempts  were  made  to  obtain  a  turbulent  boundary 
layer  by  installing  roughness  on  the  ogive.  Transition  occurred  on 
the  cylinder  at  about  20"  from  the  nose  tip  (Fig.  10). 

The  heat  transfer  rate  variations  for  the  triangular  boattail 
model  (0°  and  180°  roll)  are  shown  in  Figs.  11  and  12  for  different 
angles  of  attack.  It  can  be  seen  that  laminar  boundary  layer  theory 
agrees  well  with  measured  valves. 

Force  Coefficients 

Another  objective  of  the  present  investigation  was  to  determine  the 
effect  of  the  boattail  geometry  on  drag.  The  computed  pressure  distri¬ 
butions  were  numerically  integrated  to  evaluate  the  axial  and  normal 
force  coefficients  and  the  pitching  moment  coefficients  for  all  three 
boattail s. 

An  estimate  of  the  accuracy  of  the  force  coefficients  computation 
was  made,  and  an  error  in  computed  results  was  found  to  be  of  the 
order  of  4%. 

To  assess  the  contribution  by  the  individual  boattail  to  the  total 
drag,  the  axial  force  coefficient  difference  between  the  particular 
configuration  and  the  projectile  with  a  straight  cylindrical  afterbody 
AC7  =  C7  -  C7  was  computed  from  the  results  of  the  inviscid  analysis. 

L  L  Lr\j . 
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The  aCz  values  from  the  analytical  and  experimental  results  for  the 
three  boattails  are  compared  in  Fig.  13.  Although  the  differences 
between  experimental  and  theoretical  results  are  significant,  both 
show  a  similar  trend. 

The  contribution  to  the  axial  force  coefficient  by  the  boattail 

portion  of  the  projectile  (aC7  +  aC7  )  for  0°,  5°,  and  10°  angles 

zbase 

of  attack  are  shown  in  Fig.  14.  Among  the  three  boattail  configura¬ 
tions,  a  triangular  boattail  has  the  maximum  draq  reduction  capability. 

In  Figs.  13  and  14,  aCz  curves  for  the  triangular  boattail  at  a 
length  of  4.77"  are  also  shown.  A  comparison  based  on  the  same  boat- 
tail  lenqth  reveals  that  the  triangular  boattail  does  not  have  the 
lowest  axial  force  coefficient.  This  means  that  the  smaller  base 
area  of  the  triangular  boattail  has  a  maximum  contribution  towards 
total  drag  reduction. 

Finally,  a  comparison  of  ACz's  for  the  boattail  surfaces,  based 
on  equal  base  areas,  hence  different  boattail  lengths,  is  made  in 
Fig.  15.  Within  the  computational  error  all  curves  are  nearly  the 
same,  thus  indicating  base  drag  influence  in  the  overall  drag  reduction. 

V.  CONCLUSIONS 

An  experimental  and  analytical  investigation  of  boattail  pro- 

J  v  ^ 

jectile  drag  reduction >  has-been  performed.  The  experiments  were 

/ 

conducted  at/N^  4"  6.3,  and  at  a  free  stream  Reynolds  number  based 
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on  the  cylinder  diameter  Re  =  3.7  x-Tt).  Heat  transfer  measure¬ 
ments  were  also  performed,  and  the  results  indicate  that  the  flow 
field  was  predominently  laminar  upstream  of  the  boattail.  The  results 
of  the  analysis  indicate  that  in viscid  codes  may  be  used  to  provide 
guidelines  for  possible  three-dimensional  geometric  configurations  for 
the  reduction  in  the  drag.  The  discrepancies  between  experimental 
results  and  theoretical  predictions  are  significant  towards  the  end. 
Both  the  experimental  and  theoretical  results  indicate  that  the 
triangular  boattail  yields  the  largest  drag  reduction.  Since  the  pre¬ 
dominant  drag  of  the  boattail  is  the  base  drag,  it  is  essential  for 
future  research,  that  accurate  measurements  be  performed  in  the  base 
region  of  the  model  in  order  to  have  a  better  comparison  between  the 
various  boattail  configurations. 
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FIGURE  .1  BOATTAIL  MODEL  GEOMETRIES  TESTED  AND  COORDINATE  SYSTEM 
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FIGURE  7  PERIPHERAL  STATIC  PRESSURE  DISTRIBUTIONS  ON  THE  SHUARE  BOATTAIL 
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EXPERIMENTAL 


FIGURE  12  HEAT  TRANSFER  RATE  VARIATION  WITH  TRIANGULAR  BOATTAIL 
(130°  ROLL)  *  •  iso0 
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FIGURE  14  EFFECT  OF  BOATTAI L  GEOMETRY  ON  AXIAL  FORCE  COEFFICIENT 
(BASE  C7  INCLUDED) 
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ANGLE  OF  ATTACK  «  IN  DEGREES 

FIGURE  15  EFFECT  OF  BOATTAIL  GEOMETRY  ON  AXIAL  PORCE 
COEFFICIENT  WITH  EOUAL  BASE  AREA 
(BASE  Ct  NOT  INCLUDED) 
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